SUMMARY To determine the incremental value of the exercise test (ETT) for diagnosing coronary artery disease (CAD), we derived a multivariate logistic regression model for the pre-ETT prediction of CAD using data from 3840 patients at Duke University. We then applied the model to 324 patients at the Brigham and Women's Hospital. Using seven clinical factors, the multivariate model had an 84% overall predictive accuracy on both the training (Duke) and the validation (Brigham) sets of patients. Three ETT factors (STsegment change in patients not taking digitalis, absence of ST-segment change in patients taking digitalis, ETT stopped because of ECG or blood pressure changes) had incremental, significant predictive power, but overall predictive accuracy based on both clinical and ETT factors improved only to 87%. When the ETT result was important enough to move the probability of CAD across a potential therapeutic threshold, the direction of the change in probability was correct only two-thirds of the time. Thus, the ETT was of limited value in predicting the presence or absence of CAD after other easily obtainable clinical data were taken into account.
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ALTHOUGH a general correlation between the results of exercise ECGs and angiographically defined coronary artery disease has been recognized for some time,1 3 many investigators have questioned the value of the exercise test in predicting the presence of coronary artery disease in individual patients.--Recent studies have stressed the incremental value of the exercise ECG as it influences the probability of coronary artery disease,5-and attempts have been made to measure the information content of the exercise test itself. 8 However, in recent studies,5-8 only one aspect of the exercise test, the amount of ST-segment depression, has been analyzed, despite evidence9'-that several aspects of the exercise test might have independent predictive value. Furthermore, analyses that emphasized the magnitude of a change in probability often did not discriminate between changes in probability that would move a patient across a decision-making threshold and changes in probability that might confirm a diagnosis without moving the probability across such a threshold. Using the threshold approach to clinical decision-making, a test would have potential value when it might produce a result that could move a patient across a therapeutic threshold and would have actual management value when its result truly moved a patient across a threshold. '2 With these principles in mind, we designed this study with several goals. First, we, like others, '3-1' attempted to assign patients an accurate probability of coronary artery disease based on a multivariate analysis of historical, physical examination, and laboratory data that are readily available before exercise testing. Second, we measured the incremental value of information derived from the exercise test after such pretest factors had been taken into account. Third A logistic regression model for predicting the probability (P) of coronary artery disease (i.e., the presence of one or more major coronary vessels with a 70% or greater obstruction) was constructed in a stepwise manner,'9 using variables listed above as candidates for the model. The form of this model was log (P/(l-P)) = Bo + B,X, + .BnXn where X.9.,Xn represented the chosen variables, B.
represented a constant, and B B....Bn represented the relative weights assigned to the chosen variables. At each step of the logistic regression procedure, the variable that was most significantly associated with the presence of coronary artery disease was selected, conditioning on all variables previously chosen. All variables that had significant incremental correlations with the presence of coronary disease and that improved the overall accuracy of the model were included. The logistic regression model that was based on the Duke University Medical Center patients was then applied to the Harvard-Brigham Coronary Artery Disease Data Bank patients to ascertain its performance on an independent set of patients. The' model's high degree of accuracy on the Harvard-Brigham patients was especially noteworthy because it was based on patients from a different institution.
Having developed a simple, accurate model for predicting the pre-exercise-test probability for coronary artery disease, we then attempted to determine the incremental predictive information that could be obtained from an exercise test. We examined the following exercise test variables to determine if they could add significantly to the model that was based on the preexercise-test factors: the greatest ST-segment change measured in any lead on any of the exercise or postexercise ECGs; duration of exercise in seconds; maximal heart rate during exercise; maximal blood pressure during exercise; maximal double product (heart rate X blood pressure); treadmill terminated because of angina; treadmill terminated because of nonanginal chest pain; treadmill terminated because of ECG changes, arrhythmia, atrioventricular or bundle branch block, marked hypertension or hypotension; treadmill terminated because of shortness of breath or dizziness; treadmill terminated because of fatigue, nausea, leg pain or arm pain; angina during stress; treadmill complications. We also constructed numerous combination and interaction variables, including combinations of maximal ST change with the use of digitalis, with duration of exercise, and with the maximal heart rate achieved. Factors that were not routinely recorded and hence were not considered in the analysis included changes in R-wave amplitude, treadmill time at onset of ST depression, sloping ST depression, and duration of ST depression after exercise. Only three patients had new ST-segment elevation during the exercise test; all of these were in leads that showed resting ST elevation, and two of the patients had exerciseinduced ST depression in other leads as well. The incremental ST elevation in the one patient without concomitant ST depression was coded as ST change, as were equivalent amounts of ST depression. All exercise test variables were then examined to determine their incremental ability to predict coronary disease after the factors included in the pre-exercisetest model had been taken into account. This examination was accomplished by treating all exercise test variables as candidates for a second stepwise logistic regression procedure that was forced to contain the pre-exercise-test score (i.e., the linear combination of the pre-exercise-test variables and their weight derived from the Duke patients). Actually, this restriction proved unnecessary because the pre-exercise model was more significantly associated with the presence of coronary disease than was any single exercise test variable. All exercise test variables that had incremental significant correlations with the presence of coronary disease and that improved the overall predictive accuracy of the logistic regression model were included.
Finally, the impact of exercise test information for the patients in the Harvard-Brigham Coronary Artery Data Bank was evaluated by comparing the pre-and postexercise probabilities of coronary artery disease in reference to various theoretical decision-making thresholds. Using the actual observed range of the exercise test variables that added significant incremental predictive information in the Harvard-Brigham patients, the number of patients "at risk" of crossing a threshold was calculated. Then, the number of patients who actually crossed a threshold based on their own exercise test results, as well as the number who crossed correctly, were determined. The overall accuracy of our predictive models was calculated using the Q statistic,20 which measures how well a probability estimate agrees with the presence or absence of a finding.
The goodness of fit for the multivariate models was also measured using the Goodman-Kruskal gamma coefficient,21 which assesses the degree to which diseased and nondiseased patients are separated by their estimated probabilities. Both the Q statistic and the Goodman-Kruskal gamma coefficient were analogous to a correlation coefficient in that + 1 indicates perfect prediction and separation respectively.
A supplemental logistic regression analysis was performed to determine what exercise test variables provided incremental information in the subset of Harvard-Brigham patients who did not have Q waves or a clinical history of a myocardial infarction. The results of this supplemental analysis were similar to the analysis on all patients except that the diminution in sample size reduced the significance of two of the exercise test factors to a borderline level, clearly by also introducing a substantial /3 error. Thus, all 324 HarvardBrigham patients were included in our logistic regression analysis, and we used our threshold analysis to compare the value of the exercise test in patients with and without Q waves or a clinical history of a myocardial infarction.
Results
Of the 3840 eligible patients in the Duke University Medical Center Data Bank, 2493 patients (65%) had significant coronary artery disease and 1347 patients (35%) did not. Multivariate logistic regression analysis showed that seven pre-exercise-test factors in these patients had statistically significant univariate and multivariate correlations with the presence of coronary artery disease at catheterization and contributed to an improvement in overall predictive accuracy (table 1) . Six percent of patients with supposedly diagnostic Q waves and 8% of patients with a clinical history of infarction did not have significant coronary disease at catheterization. Factors that had strong univariate correlations with the presence of coronary disease but did not add incremental predictive power included diabetes, positive family history for coronary artery disease, obesity, hypertension, presence of peripheral vascular disease, resting ST-T changes, and effort-related pain. Using a cutoff point whereby patients with multivariate estimated probabilities of greater than 50% would be predicted to have coronary disease and patients with probabilities below 50% would be predicted not to have coronary disease, the seven-factor logistic regression equation had a sensitivity of 88%, a specificity of 76%, and an overall accuracy of 84% when applied retrospectively to the same 3840 patients from whose data it was derived. (table 3) , and overall accuracy increased only from 84% to 87%.
If all potential pre-exercise-test and exercise test variables were considered at once, the single best predictor of the presence or absence of coronary disease was the ST change on the exercise test. However, ST change correlated with the typicality of the patient's pain (r = 0.26), with the patient's age (r = 0.21), and with the patient's score on the seven-factor model (r = 0. 19; all p < 0.001). Thus, the exercise test result was not independent of other clinical factors, but was correlated with them to the extent that much of the exercise test's predictive value was duplicated by factors that were less expensive to gather.
Threshold Analysis
Of the 324 patients in the Brigham series, 184 (57%) had pre-exercise-test probabilities of coronary artery disease that ranged between 0.01 and 0.92 and hence could have had exercise test results that could either be so positive (for example, 6 mm of ST-segment depression) or so negative that the probability of coronary artery disease might be moved across a 50% threshold based on the exercise test result. Using a similar analysis for other thresholds, we calculated the minimal and maximal pre-exercise-test probabilities for which an exercise test could move the probability of disease across a given threshold ( tant in all three groups of men, cigarette smoking was important only in men with nonspecific chest pain, and the cholesterol level was not an independent predictor in any group. Fisher et al. '5 concluded that exercise testing provides more diagnostic information than clinical data alone in the patients with definite angina and probable angina, but probability-curve analysis showed that the amount of incremental information provided by the exercise test was modest. Similarly, we found that the exercise test was the best single piece of information for predicting whether patients had coronary disease, but its incremental value in classifying patients after the clinical factors had been considered was limited. Even if our analysis was applied only to patients without prior myocardial infarction, as did The limited incremental value of the exercise test was further underscored by our method. We required that our seven-factor, Duke-based, pre-exercise-test model be validated on the Harvard-Brigham patients, but we reported the value of the exercise test factors based solely on their utility in the Harvard-Brigham patients from whose data the factors were derived. Because a predictive model commonly performs better on the patients from whose data it was derived than on other sets of patients, the incremental value of the exercise test factors might be overestimated by our method.
As discussed by Pauker and Kassirer,12 the impact of diagnostic tests can best be understood using the threshold approach to clinical decision making. Using such an approach, treatment would be given and the test would not be ordered if the probability of disease was already above a therapeutic threshold and if it would be impossible for the test to move the patient below that probability threshold. Conversely, treatment would be withheld and the test would not be performed if the probability of disease were below the therapeutic threshold and if it would'be impossible for the test to move a patient across such a threshold. Thus, a test would be performed only when it might move a patient across a therapeutic threshold. We have expanded this principle by including not only the possibility that a test might move a patient across a therapeutic threshold, but also the probability that such a test result might be found in an individual patient. This modification allows a physician to weight the potential benefits of a test on a continuous scale rather than having to consider it as a yes-no phenomenon.
There is no agreement among clinicians as to the appropriate probability threshold for management decisions in coronary disease. For example, if the probability of coronary disease is 25%, should a symptomatic patient still be given a medical trial and then be catheterized if symptoms persist?'Although clinicians and patients may respond differently to the same probability estimate, the explicit delineation of probabilities should be'valuable for physician-patient dialogue and for future research into patient management.
Using our probability approach, the incremental value of an exercise test for the diagnosis of coronary artery disease appears to be limited. When all patients were considered, only 7% of patients moved across a 50% threshold probability; because six of these patients moved in the wrong direction, only 3.5% of patients (i.e., one of 28 patients tested) had'a new, corre'ct, classification based on 'the exercise test result. When the analysis -was limited to patients with no clinical history of acute myocardial infarction and without Q waves, 11% of patients moved across the 50% probability threshold, but a net of only'5% of patients (i.e., one of 20 patients tested) had new, correct classifications. Our more detailed analysis showed that many patien'ts who might cross a threshold did not. Thus, it would be unusual for an exercise test to move a patient from below a 25% probability of coronary disease to above a 50% probability in actual practice. Patients with pre-exercise' probabilities of 25-75% had the greatest absolute changes in probability based on the test result, but commonly the disease was neither established nor excluded. SUMMARY To determine the effect of exercise myocardial scintigraphy with thallium-201 on diagnostic accuracy and the need for coronary angiography, consecutive patients with a variety of clinical presentations were identified. Clinical summaries, including a detailed history, physical examination, and complete data from a standard treadmill exercise test, were presented to 91 cardiologists. The cardiologists assessed the-probability of coronary disease and the need for coronary angiography. They were then presented the results of thallium scintigraphy and revised their assessments if warranted.
Scintigraphy significantly increased the cardiologists' diagnostic accuracy beyond that attained with other clinical information (p < 0.0001). The change in accuracy varied from + 4% to + 20% in different patient groups, and was greatest in patients with atypical angina and a positive exercise ECG. Ratings of the need for coronary angiography changed from -13% to + 21% in different patient groups. We conclude that exercise thallium scintigraphy can provide independent diagnostic information and influence the need for coronary angiography.
STRESS perfusion scintigraphy with thallium-201 is a new diagnostic test for coronary artery disease.lA As initial myocardial uptake of thallium is proportional to coronary blood flow, scintigraphic images can reveal inhomogeneous myocardial perfusion due to coronary disease. Scintigraphy documents a different manifestation of myocardial ischemia than the exercise ECG and may improve diagnostic accuracy.
The use of exercise testing for the diagnosis of coronary disease is controversial.5'-There is considerable disagreement as to whether exercise testing adds new and significant information to that already available from clinical examination. Documentation of the independent value of thallium scintigraphy is therefore particularly important, as this procedure supplements, rather than replaces, the exercise ECG. Moreover, scintigraphy exposes the patient to a small amount of radiation, requires 1-5 hours to perform, and costs several hundred dollars.
The present study was designed to measure how much information thallium perfusion scintigraphy adds to that already available from the history, physical examination and standard exercise testing. The study also examines the effect of perfusion scintigraphy on the need for coronary angiography, an important aspect of clinical management.
